J 



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS' 




WARTIME REPORT 

ORIGINALLY ISSUED 
June 1946 as 

Memorandum Report E6E16 


INVESTIGATION OF ICE FORMATION IN THE INDUCTION 


SYSTEM OF AN AIRCRAFT ENGINE 

II - FLIGHT TESTS 

By Henry A. Essex, Carl Ellisman 
and Edward D. Zlotowski 


Aircraft Engine Research Laboratory 
Cleveland, Ohio 

\ 

NAG A 


d 


1 WASHINGTON 

| 

j NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of 
advance research results to an authorized group requiring them for the war effort. They were pre- 
| viously held under a security status but are now unclassified. Some of these reports were not tech- 
{ nically edited. All have been reproduced without change in order to expedite general distribution. 




E-177 



3 1176 01363 8342 

i .. __i 

MCA MR No. E6E16 

MCA AIRCRAFT ENGINE RESEARCH LABORATORY 

MEMORANDUM REPORT 

for the 

Air MAteriel Command, Army Air Force b 

INVESTIGATION OF ICE FORMATION IN THE INDUCTION 

SYSTEM OF AN AIRCRAFT ENGINE 

II - FLIGHT TESTS 

By Henry A. Essex, Carl Ellisman 
and Edward D. Zlotowski 


SUMMARY 

Flight tests were oanduotod on a twin-engine fighter air- 
plane at pressure altitudes up to 10,000 feet with simulated 
conditions of moderate, hoavy, and excessive rain to determine 
the inoroase in enthalpy of the oharge air duo to tho turbo- 
supercharger, to determino the rato of enthalpy increase of the 
oharge air resulting from a sudden inoroase of ongino power, and 
to eomparo tho conditions that oausod induction- systom icing in 
flight with those that rcsultod in ioing of tho same oarburotor 
and suporohargor inlot olbow in laboratory tosts. 

The altcmato air systom roduoed the susooptibility to ioing 
by excluding wator and by inoroasing tho hoat input. Tho most 
offootiva ioo protootion was found to bo obtainable by operating 
with closed intorooolor flap, by timely use of tho alternate air 
system, and by increasing power in order to provide moro hoat from 
tho turbo suporohargor. Tho offoctive turbo suporohargor heat input 
was approoiably reduced booause oomploto stoppage of the inter- 
cooler cooling-air' flow was found to be impossible. Tho maximum 
hoat riso available at the oarburotor dock ms not obtained until 
approximately 3 minutes aftor engine power was suddenly increased 
and appeared insuffioiont to do-icc the induction system quiokly 
onough if serious ioing occurred. 

None of the flight tosts resulted in serious oarburotor 
ioing and the induction system was found to be susceptible to 
serious ioing only during low power operation at low altitudes 
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with high rate a of wator ingostion, whioh indioated that the 
laboratory-determined oonditiona for aorioua ioing are conser- 
vative. The most seriouB carburetor air-flow reduction in these 
tostB resulted from heavy impact icing, whioh blocked tho carbu- 
retor air sooop and prevented operation of the alternate air valve* 


IHTRODUCTIOH 

At the request of the Air Material Command, Any Air Foroos, 
a goneral investigation of the formation and elimination of ioo in 
tho induction system of .a twin-onglne fighter airplane has boen con- 
ducted at the NACA Cleveland laboratory. The experimental work was 
divided into four separate parts: laboratory tests of a oarburotor 

and engino-stage supercharger assembly installed in a laboratory 
duot sotup; dynamometer tests of a complete engine i ground tosts of 
the oamplote induction systom in the airplane; and actual flight 
tosts with simulated-rain ingestion. Tho flight tosts reported 
heroin, whioh wore conducted from March to May 1946, furnished data 
that were unobtainable in the laboratory and ground tests (rofor- 
onoos 1 and 2, rospoctivoly) because the offeots of the turbosupor- 
oharger and the intercooler at altitudo oould bo satisfactorily 
reproduced only in flight. 

The laboratory tosts of the oarburetor and supcrchargor 
assembly (referonoo 1) determined the limiting-icing conditions in 
terms of oharge-air enthalpy (termed "heat oontont" in roforonoo 1) 
and total water oontent at the oarburotor dock, as vroll as tho 
effoots of soveral othor variablas. Fnpublishod multioylindor- 
ergino tost results agreed favorably v.lth tho limiting -ioing con- 
ditions previously cotormined in tho laboratory to and gavo 
additional justif ica-.ion for tho arbitrarily chosen orifccrlons for 
serious icing. Tho approximate rongos of ohargo-air enthalpy and 
total wator oontent at the oarburotor dook that result in ioing 
conditions were detormined in the ground tests roportod in 
roforonoo 2. 

The speoifio objectives of the flight teats were as follows: 
(a) to dotormine quantitatively tho hoat added to tho ohargo air by 
the turbo super ohargor and the ro suiting increase in charge-air on- 
thalpy at tho oarburetor deok; (b) to determine the rate of inoroase 
In oharge-air enthalpy at the oarburotor dook following a sudden 
increase in ongine power; (o) to oompare tho flight conditions of 
ohargo air at the oarburetor dook and at tho external air sooop with 
tho limiting-ioing oonditiona established at the oarburetor dook in 
laboratory tosts; and (d) to dotormine Idle effects of ioing of tho 
air- sooop elbow on tho functioning of the induction system. 
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APPARATUS 

The instrumented induction sysrem of tho test 
engine of the fighter airplane is shown in figure 1 and is fully 
described in reference 2. The additional instrumentation for the 
flight tests inoluded a swivel-head static tube for determining 
altitude, a ro si stance-bulb thermometer oalibratod for spoed 
effects, and several shielded total -temperature thermocouples 
for measuring ambient-air temperature. The sections of ducting 
containing the observation ports used in the ground tosts were 
replaced by standard duct sections. 

During most flight tarts, the charge-air inlet tomporaturo, 
the static pressure, and the dew point were measured just insido 
the scoop (station 1, fig. 1). "When the altornate air system was 
in use, howovor, the ohargo-air teraporature and the statio pres- 
sure wore measured at the turbo sup or chargor inlot (station 2), 
but tho ohargo-air dew point was measured at station 1 because 
the humidity at station 2 was not substantially differont from 
that of tho froo air when no rain was simulated. 


DESCRIPTION OF TESTS 

The temperature of tho fuol-air mixture, of the simulated 
rain, and of tho fuel were continuously ruoordod throughout tho 
flight tests. 

Tho rates at which water was sprayed into tho carburetor and 
intercooler air scoops, as oxplainod in roforenoe 2, vjnre ostimatod 
for a true airspeed of 360 milos per hour and rain "engities of 
0.5, 1.0, and 2.0 grams of water por oubio meter of air, v.hioh rep- 
resent modorato, heavy, and exoossive rain, respectively (referonoo 3). 
Calculations showed that, ut an airspeed of 360 miles per hour and 
with rain-droplet diameters larger than 400 microns, most of tho in- 
torooptod rain would entor the intako regardless of tho quantity of 
air entering iiie sooop. Most of the flight tests, however, v/oro 
oonduotod at true airspeeds less than 360 miles per hour and, booauso 
no attempt was made to regulate the simulated- rain sprays in propor- 
tion to the airspeed, the aotual simulated- rain densities wore higher 
than tho original estimates. 

The method of conducting tho flight tests was similar to that 
developed for tho ground tests reported in referonoo 2. At the 
desired altitude, tho engine conditions of manifold pressure and 
speed were set for both enginos. TOion tho air temperature had 
stabilized, the automatic recording units were started and at the 
same time the water flows to both the sooop and the intercooler duct 
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were started at presot rates. During the tests, the. pilot reoordod 
tho indicated dow-point temperatures, the froe-air temperature, tho 
oarburotor-air temperature, and tho position a of the throttlo and 
tho oxhaust waste gate. 

The flight tests were oonduotod in three series for whioh the 
test conditions and induction- system configurations are listod in 
tabloB I. II. and III. Tests 1 to 4 (tablo I) wore made to Btudy 
the effect of intercooler-flap setting and the effect of altomate- 
air intake on charge -air enthalpy in dry air at various power 
settings. The determination of the increase in rate of enthalpy 
ro suiting from sudden inoroasos in ongine power was made in dry air 
at altitudes of 6000 feet in tests 5 to 7 and 10,000 feet in tests 
8 to 10 (table II). Tests 11 to 14 and 16 to 18 (table III) wore 
made at altitudes of 6000 and 10,000 feet, respectively, to detormino 
the not increase in charge-air enthalpy at the carburetor deok in 
dry air and in simulated rain of various intensities and to correlate 
tho icing in flight with that observed in tho laboratory tests of 
roforonoo 1. 


RESULTS AND DISCUSSION 

« 

Heat Supplied by tho Turbosuperchargor 

Intoroooler flap open . - Under all flight conditions encotm- 
torod in the so teBts, the oharge-air enthalpy was inoroasod in pass- 
ing through tho turbo suporohargor and tho amount of inoroaso was 
groatcr at high than at low manifold prossuros. Booause tho exhaust 
wasto-gato position for a given power condition was detormined by the 
throttle Betting, tho manifold pressure at whioh tho turbosuporohurger 
began effective operation dooroased with altitude md tho amount of 
inoroaso in oharge-air enthalpy at any manifold pressuro increased 
with pressure altitudo. 

At a pressure altitude of 6000 feet in clear air, tho enthalpy 
inoroaso aoross the turbo superohargor did not exceed 6 Btu por pound 
of air below a manifold pressuro of 42 inohes of mercury absolute 
bub reaohed 11 Btu per pound at 60 inchds of merdury absolute 
(fig. 2). At a pressure altitude of 10,000 feet, the onthalpy In- 
crease at manif old pressures below 82 inches of mercury absoluto 
was apprximately the same as that for 6000 foet but reached 19 Btu 
por pound at a manifold pressure of 60 inches of roorcury. Noither 
the trond nor tho value b of enthalpy increase were significantly 
o hanged by the ingestion of large amounts of simulated rain. 

The data plotted in figure S are tho ro suits of a typiodl flight 
tost to determine tho of foot of tho interoooler on tho oharge-air 
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enthalpy. In level flight at any altitude, an lnoroase in engine 
power resulted in higher airspeed and the resulting increase in tho 
mass flow of interooolor-oooling air largely offset tho inoroaso in 
turbo Buperoharger heat input. The net increase in ohargo-air 
enthalpy at the carburetor deok was only 2 Btu per pound at a pros- 
suro altitude of 6000 feet and 4 Btu per pound at 10,000 feet at a 
manifold pressure of 44 inohes of mercury in clear air. 

Interoooler flap dosed . - In dear air at an altitude of 
approximately 3600 foet, when tho alternate air intake was used, 
approximately two-thirds of tho turbosuperohargor heat input was 
romovod because of the leakage of oooling air past the closed inter- 
ooolor flap (fig. 4 (a)), but the not gain in ohargo-air enthalpy 
was greater than for the runs with ram air intake at the same alti- 
tude (fig. 4 (b)). The net gain in oharge-air enthalpy was greater 
booause, for a given manifold prossuro, the pressure drop through 
tho air filter in tho alternate air intake requires a wider throttle 
opening than the ram air intake , which results in an earlior opera- 
tion of tho turbosuperoharger and a oorrosponding increasa in tho 
heat supplied to tho oharge air. Tho net inorease in ohargo-air 
enthalpy at a manifold pressure of 44 inches of moroury was only 
6 Btu por pound with alternate air and 3 Btu per pound with ram 
air intake. 

Tho possibility of induotion-systom icing is loseenod when 
tho alternate air intake is used, not only booauso the available 
turbosuperohargor hoat input is groator but also bjeause froo wator 
is provontod from ontortng tho induction systom. 

Rato of incrcaso in chargo-air enthalpy resulting from suddon 
inoroaso of engine power . - In figuros 6, 6, and 7, the ohangfl in 
ohargo-air temperature and enthalpy at the oarburotor deok is 
presontod for sudden iuoroases in power from tho roforonco sotting 
of 60-poroont rated powor at altitudes of 6000 and 10,000 foet in 
oloar air. 

With ram air intake and interoooler flap opon and olosod at a 
prossuro altitude of 6000 feot (figs. 6 (a) and 6 (a), respectively) , 
tho not chango in 'enthalpy was loss than 1 Btu por pound. When tho 
ram air intake was switched to altomate air intake and the intor- 
ooolor flap was dosed, not enthalpy inoroascs of 1 and 5 Btu por 
pound wore obtained by increasing powor to 75-peroont and 100- 
poroont normal rated powor, respectively, with a maximum rato of 
enthalpy inoroaso of 2 Btu por pound por minuto for 100-poroont 
normal rated powor (fig. 7 (a)). 

The net enthalpy inoroaso at an altitudo of 10,000 feot was 
nogligiblo with ram air intake and interoooler flap open (fig. 6 (b) ) 
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but, during tosts with the intorooolcr flap olosod (fig. 6 (b)), 
a not inoroaeo in ohargo-air enthalpy of nearly 4 Btu per pound 
oocurrod 2 minutes aftor power was inoroasod to approximately 90- 
poroont normal rated powor with a maximum increase in rate of 
onthalpy of 2.6 Btu per pound per minute. Figure 7 (b) shows that, 
whon the ram air Intake was ohongod to the alternato air intako as 
power was inorcased with the intorooolcr flap closed, the net on- 
thalpy increase was 7 Btu per pound of oharge air in 4 minutos when 
power was inoroased to approximately 90-poroent normal ratod power 
and 9 Btu in S minutos when power was inoroasod to 100-peroont 
normal ratod power. Tho maximum increases in rate of enthalpy wore 
3.0 and 4.0 Btu por pound por minuto for increases of engine power 
to 90-poroont and 100-poroont normal ratod por.'or, rospoctivoly. 

Tho additional hoat riso available from tho turbo suporohargor 
whon power was inoroasod from 60- to 100-porcont normal ratod power 
appours inadoquato for offoctivo do-icing of this induotion systom 
■whon comparod with that us^d to do-ioo tho laboratory sotup as re- 
ported in reference 4. In table I of roforonco 4, it is shown 
that do-ioing timo of the laboratory sotup was 0.6 minuto or loss 
whon the enthalpy of heated char go air was more than 27 Btu por 
pound groator than that of the ioing ohargo air. Up to 9 minutes 
wero roquirod for do-ioing with onthalpy increases of slightly 
loss than 27 Btu. Reliance on increase; of turbo suporohargor hoat 
input for omergoncy do-ioing appears hazardous bocuuso of tho longth 
of timo roquired to obtain tho full hoat riso and tho availability 
of a maximum onthalpy inoreajo of only 9 Btu por pound under tho 
most favorable conditions at normal rated power. 

Correlation of la boratory and f light -tost ro su its. - Limitiug- 
ioing-conditions ourves of carSu’rot'or-air tomporaturo and water con- 
tent for a simulated altitude of 2000 foot as dotormined in tho 
laboratory tosts of reforonoo 1 for low-oruisc, high-oruiso, and 
normal -ratod-powor conditions arc reproduced in figuros 8, 9, and 
10, rospootivoly. The oritorion for serious ioing in tho Induotion 
systom had boon solootod as a 2-porcont reduction of initial air- 
flow rato in 15 minutos but most instqnoos of serious icing rosultod 
in 10 minutos (roforenoo l)j thoreforo, 10-minute flight tost runs 
woro doomed satisfactory. Tho charge-air tomporaturo and humidity 
conditions at tho oarburotor top dook obsorvod in the flight tosts 
aro presented on thoso linuting-oonditions ourves for oorrosponding 
ongino povrors. 

At low cruise power, or 60-poroont ratod power, four runs rosultod 
in oarburotor -dock conditions that foil into tho sorious-ioing rogion, 
as dotorminod from tho laboratory data, but did not rosult in serious 
icing during tho 10-minute duration of the flight runs. Tho ono tost 
flight at high cruise power (fig. 9), for which tho oarburotor-dock 
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conditions ooourred in the serious-ioing rogion, did not result in 
sorious ioing. At normal rated power (fig. 10) , nono of tho flight 
tests resulted in conditions of oarburetor air in the serious-icing 
region. 

Tho aotual reductions in air-flow rato caused by icing during 
those tests wore found to be groator at an altitude of 6000 foot 
than at 10,000 feet for a given power condition, and they wore found 
to be groator during low power operation then high power operation 
for a given altitude. Theso results corroborate those of roforonoo 
1, whioh show that the severity of oarburetor ioing deoroases as tho 
throttlo angle increases. This throttle -angle effoot and tho fact 
that AN-F-28, Amendmont-2 , fuel was used in the flight to'ts, instoad 
of the moro volatile AN-F-22 fuol usod in tho laborator tests of 
roforonoe 1, probably aocount for the fact that tho laboratory- 
dotorminod limiting-ioing conditions appear oonservativo. It is 
ovident from a comparison of tho flight and laboratory limiting- 
ioing data that the smaller throttlo angles and the moro volatile 
fuol used in tho laboratory tests produced oarburotor icing more 
sovere than cncountorcd in flight at pressure altitudos abovo 2000 
feet. Thorof ore , only during flight operation at low altitude and 
low power with high water -ingostion ratus are tho oarburotor condi- 
tions likely to produoo sorious icing, 

Impaot ioing . - The ambient-air tomporaturo during three tost 
flights was bolow 32° F and, consequently, when water was injootod 
into tho carburetor and intorcool^r air scoops, impact icing oco'.trred 
in tho carburotor-air sooop elbow end on tho ir.tcr cooler coro. loo 
aocumulatod at tho inlet olbow of tiio carburotor-air scoop in ruffi- 
oiont quantity to render tho ultornato air so lector valve inojcrublo 
and to cause sorious air-flow losses. Time rooords of air-flaw rato 
and manifold pressure for runs mado with an initial manifold pressuro 
of 35 inohos of morcury absoluto aro prosentod in figure 11. 

An accumulation of impaot ico at tho faoc of tho intcrooolcr 
provontod effective intoroooling and parmittod the charge-air onthalpy 
at tho carburetor deok to rise abovo tho limits of sorious oarburotor 
ioing. Inasmuch as it has boon shown that tho laboratory-dotorminod 
limits of sorious’ ioing are oonsorvativo when applied to flight oon- 
ditions at an altitude of 10,000 foot, carburetor ioing caused by 
fuol evaporation oould not have boon pro cent. 

One impaot ioing run (fig. 11 (b)) that did not oause a sorious 
air-flow drop was mado with thu altornato air valve frozon in the 
alternato position. Tho valvo oould not bu freed by manipulation 
of tho seloctor valvo oontrol and tho ioe lasted until aftor tho 
airpkino returned to tho ground. 
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SUMMARY OF RESULTS 

Tho following rosults wero obtained from flight tests of tho 
twin-onglno flghtor airplane made at pre s sure . altitude s of 3500, 
6000, and 10,000 foet and aro applloablo to operation at thoso 
altitudos: 

1. No sorious oarburotor iolng was enoountorod during those 
tests and rosults indioated that the airplane induction system is 
susoeptible to serious oarburotor ioing only during low power opor- 
at ion at low altitudes with high ratos of wator ingostion. 

2. Tho flight tost data indicate that Hie laboratory- 
dotermlnod conditions for sorious ioing aro conservative, 

5. The susceptibility to ioing is reduced by using tho alter- 
nate air intake, not only bcoause water is oxoludod but alsobeoauso 
wider throttle oponlngs are required and inorcasod turbosuper- 
ohorgor hoat input rosults from tho inoroased pros euro lossos. 

4, Tho most serious air -flow roduction was not duo to 
.oarburotor ioinj; but ooourrod when the alternate air valve was 
frozon shut by impaot ice in tho air intake and oould not be 
freed by manipulation of the oonfcrols, 

6, During icing at subfroezing ajjbiont-air temporaturo, tho 
fooo of tho intercooler b&oame blocked with ice and, oonsequontly, 
moro of tho turbosupercharger heat input was retained by tho charge 
air to prevent icing at or bolow tho oarburotor. 

6. The maximum available onthalpy inorease of 9 Btu per pound 
of oliargo air that ooourrod approximately 3 minutos aftor a sudden 
inoroaso to rated ongino power with altornato air intake and intor- 
ooolor flap dosed is, according to laboratory- te st results, insuf- 
ficient to de-ice this induction system in an omorgoncy if sorious 
oarburotor icing woro to ocour. 

7. Tho induction systom probably will loc only at low ongino 
power; at low altitude end with high rates of water ingostion: 
serious ioing can be provonted by propor operation of the airpLano. 

8. Protoction from icing may bo obtained by operating tho 
airplane with tho intorooolor flap do sod, by using tho altcraato 
air system before tho valvo becomes frozen with impaot ioo, and 
by increasing ongine power in ordor to opon the throttles wider 
and to inoroaso the turbo supor charger heat input. 
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9. Moro of tho turbo suporohorgor hoat inpub oould be 
rotainod by iiio chorgo air for omorgonoy do-ioing and ioo preven- 
tion if tho interooolor flap uero tight onough to prevent tho flee 
of all oooling air through tho intorcoolor. 


Airoraft Engine Ro 8 oar oh Laboratory, 

National Advisory Conmdttoo for Aoronautios, 
Clovoland, Ohio. 
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TABLE I - INVESTIGATION OF EFFECT OF INDUCTION-SYSTEM 
CONFIGURATION ON CHARGEE-AIR ENTHALPY IN DRY AIR 


Pressuro : Manifold Engine Intoroooler - Charge -air 
Tost altitude {pressure spoad flap sotting Intake 
(in. Hg (rpm) 


1 IFroezlng 


20.0 

35.0 
43.5 

50.0 


Open 


2 

do 

20.0 

35.0 
43.5 

50.0 

3 

—do— 

20.0 

35.0 
43.5 

50.0 

4 

i 

1 

— do — 

20.0 

35.0 
43.5 

50.0 


Altomatc 


1375 ! Closod 
0 


Altornato 


;(IH1 
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TABER IT - INVESTIGATION OF EFFECT ON KATE CEF INCREASE IN CHARGEE-AIR ENTHALPY 

WITH SUDDEN POWER INCREASE IN DRY AIR 



j Pressure 

Ini 

Ltlal s' 

babilized conditions 

Increased power conditions i 


altitude 

Manifold 

Engine 


Inter- 


Manifold 

E23E3 


Inter- 

CJaarge- 


(ft) 

pressure 

speed 


coolor- 

air 

pro ss - : ire 

speed 


cooler- 

air 



(in. Eg 


rated power 

flap 

intake 

(in. Hg 

(rpm) 

rated power 

flap 

Intake 



absolute ) 


(percent) 

setting 


absolute) 


(percent) 

setting 

t 

5 

1 

30.0 

2200 

60 

Open 


35.0 

2300 

75 

Open 

- Ram 


■mi 






37.0 

2300 

80 




l 






■ 59.3 

2600 

90 


L 

6 

5,000 

30.0 

2200 

60 

B 

—do— 

35.0 

2300 

75 

Closed 

i Do. 






1 1 


37.0 

2300 

80 


i 

\ 






mm 


39.3 

2600 

90 



KM 

5,000 


2200 

60 

1 

— do — 

—do— 

35.0 

2300 

75 

—do— 

Alter- 

1 I 







37.0 

2300 

90 


nato 

II 


■ 





39.3 

2600 

SO 



8 

10,000 

30.0 

2200 

60 

Open 

do-- 

35.0 


75 

Open 

Ram 








37.0 

2300 

eo 










3S.5 

2600 

90 



9 

10,000 

30.0 

2200 

60 


do-- 

35.0 

2300 

75 

Closed 

Do. 





) 



37.0 

2300 

80 







1 



59.3 

2600 

90 



10 

10,000 

30.0 

2200 

60 

— 
— do— 

do— 

35.0 

2300 

75 

— do— 

Alter- 


I 



1 

i i 



37.0 

2300 

80 

1 



1 



i i 

i i 



39.3 j 
< 

2600 

90 


| nato 
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TABLE III - INVESTIGATION OP ICING CHARACTERISTICS AND NET INCREASE 
IN CHARGE-AIR ENTHALPY AT SIMULATED-RAIN CONDITIONS 


Test 

Pressure 

altitude 

(ft) 

Manifold 
pressure 
(in. Hg 
absolute) 

Engine 

speed 

(rpm) 

Intercooler- 
flap setting 

Charge- 

Water ingestion, lb/min | 

air 

intake 


Air scoop 

11 

5,000 

25.0 

30.0 

35.0 
43.5 

50.0 

2200 

2200 

2300 

2600 

2800 

Open 

Ram 

None 

None 

12 

5,000 

25.0 

30.0 

35.0 
43.5 

50.0 

2200 

2200 

2300 

2600 

2800 

- — do 

do-- 

0.275 

0.55 

13 

5,000 

25.0 

30.0 

35.0 
43.5 

50.0 

2200 

2200 

2300 

2600 

2800 

do 

do-- 

0.55 

1.10 

14 

5,000 

i 

! 

25.0 

30.0 

35.0 
43.5 

50.0 

2200 

2200 

2300 

2600 

2800 

j 

do 

-- - do-- 

1.10 

2.20 

15 

10,000 

25.0 
30-0 ; 

35.0 
43.5 

50.0 

2200 1 
2200 : 
2300 
2600 
2800 

do 

do-- 

None 

None 

16 

10,000 

25.0 

30.0 

35.0 
43.5 

50.0 

2200 

2200 

2300 

2600 

2800 

do ' 

do — 

0.275 

0.55 

17 

10,000 

25.0 

30.0 

35.0 
43.5 

50.0 

2200 
2200 | 
2300 
2600 
2800 

- — do 

---do-- 

0.55 

1.10 

ia 

10,000 

25.0 

30.0 

35.0 
43.6 

50.0 

2200 

2200 

2300 

2600 

2800 

do 

---d o-- 

1.10 

2.20 
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Increase in charge-air enthalpy across turbo supercharge r 0 Btu/lb dry air 


Altitude, 5000 feet 
0 Dry runs 

□ Simulated moderate rain 
0 Simulated heavy rain 
A Simulated excessive rain 

Altitude, 10,000 feet 
Q, D ry runs 

Simulated moderate rain 
Simulated heavy rain 
^ Simulated excessive rain 
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Manifold pressure, in. Hg absolute 


Manifold pressure,' in. Hg absolute 

Figure 2. - Enthalpy increase in charge air passing through turbosupercharger; intercooler 

flaps open. 
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True 

airspeed. Increase in charge-air enthalpy, Btu/lb dry air 


O Increase in enthalpy of charge air from| 
air scoop through turbosupercharger 
+ Net increase in enthalpy of charge air j 
from air scoop through induction 
system to carburetor deck 
16 <x True airspeed 
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(a) Altitude, 5000 feet. 


40 50 20 

Manifold pressure, in. Hg absolute 


(b) Altitude, 10,000 feet. 


Figure 3. - Effect of intercooler on enthalpy of charge air at altitudes of 5000 and 10,000 
feet with no simulated rain; intercooler flaps full open. 




True airspeed, mph Increase in charge-air enthalpy, Btu/lb dry air 



Figure 4. - Effect of intercooler on enthalpy of charge air at approximate altitude of 3500 feet 
with no simulated rain; intercooler flaps full closed. 
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Change in charge-air enthalpy at Change In charge-air temperature 

carburetor deck, Btu/lb dry air at carburetor deck, °F 




Figure - Enthalpy and temperature rise of charge air resulting from sudden increase in engine power 
from initial power setting of 60-percent normal rated power with ram air intake and intercooler 
flap in full-open position. 
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° Power increased to approximately 
75-percent normal rated power 
+ Power increased to approximately 
80-percent normal rated power 
* Power increased to approximately 
90-percent normal rated power 
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(a) Altitude, 5000 feet. 
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(b) Altitude, 10,000 feet. 


Figure 6. - Enthalpy and temperature rise of charge air resulting from sudden increase in engine 
power from initial power setting of 60-percent normal rated power with ram air intake and inter- 
cooler flap in full-closed position. 
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(a) Altitude, 5000 feet. 
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(b) Altitude, 10,000 feet. 


Figure 7« - Enthalpy and temperature rise of charge air resulting from sudden increase in engine 
power from initial power setting of 60-percent normal rated power and change from ram air intake 
to alternate air intake with intercooler flap in full-closed position. 
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Carburetor-*! r temperature 
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Total water content, lb/lb dry air 

Figure 9. - Comparison of laboratory ana Slignt iaing onaracteristics at high cruise power. 
(Curves from laboratory teata of reference I.) 
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Figure 10. - Comparison of laboratory and flight icing characteristics at normal rated 
power. (Curves from laboratory tests of reference I.) 









Serious icing limit 
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flam air intake; .ambient- 
air temperature, 20° F; 
altitude, 9737 feet; 
true airspeed, 292 mph; 
engine speed, 2270 rpm. 


Time, min 

Alternate air intake; ambient- 
air temperature, 19° F; 
altitude, 9&38 feet; true 
airspeed, 290 mph; engine 
speed, 2280 rpm. 


Ram air intake; ambient-air 
temperature, 28° F; alti- 
tude, 10,105 feet; true 
airspeed, 294 mph; engine 
speed, 2280 rpm. 


Figure 11. - Effect of air-scoop impact icing on air flow and engine manifold pressure. 
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